Although many synapse-organizing molecules have been identified in vitro, their functions in mature neurons in vivo have been mostly unexplored. Cbln1, which belongs to the C1q/tumor necrosis factor superfamily, is the most recently identified protein involved in synapse formation in the mammalian CNS. In the cerebellum, Cbln1 is predominantly produced and secreted from granule cells; cbln1-null mice show ataxia and a severe reduction in the number of synapses between Purkinje cells and parallel fibers (PFs), the axon bundle of granule cells. Here, we show that application of recombinant Cbln1 specifically and reversibly induced PF synapse formation in dissociated cbln1-null Purkinje cells in culture. Cbln1 also rapidly induced electrophysiologically functional and ultrastructurally normal PF synapses in acutely prepared cbln1-null cerebellar slices. Furthermore, a single injection of recombinant Cbln1 rescued severe ataxia in adult cbln1-null mice in vivo by completely, but transiently, restoring PF synapses. Therefore, Cbln1 is a unique synapse organizer that is required not only for the normal development of PF-Purkinje cell synapses but also for their maintenance in the mature cerebellum both in vitro and in vivo. Furthermore, our results indicate that Cbln1 can also rapidly organize new synapses in adult cerebellum, implying its therapeutic potential for cerebellar ataxic disorders.
Introduction
The proper formation of synapses is essential to establish precise neuronal circuits in the mammalian CNS. During development, after growing axons find the correct paths to their target regions, presynaptic and postsynaptic specializations are assembled subsequently and aligned precisely. The analysis of synapse formation in vitro has recently identified various "synapse organizers" involved in these processes (Fox and Umemori, 2006) . Several cell adhesion molecules, such as SynCAM (Biederer et al., 2002) , neurexin/neuroligin (Chih et al., 2005) , and EphB/ephrinB (Kayser et al., 2006; Aoto et al., 2007) , and secreted molecules, such as Wnt-7a (Hall et al., 2000) , FGF22 (Umemori et al., 2004) , and Narp/NP-1/NPR (O'Brien et al., 1999; Xu et al., 2003) , have been shown to induce the differentiation and maturation of presynaptic or postsynaptic structures in CNS neurons in vitro. Nevertheless, their requirement for the maintenance of synapses or for new synapse formation in the adult CNS in vivo remains primarily unknown.
Cbln1 is the most recently identified protein involved in synapse formation in the CNS (Hirai et al., 2005) . Cbln1 belongs to a Cbln subfamily (consisting of Cbln1-Cbln4) of the C1q/tumor necrosis factor (TNF) superfamily. Members of this superfamily, including C1q, ACRP30/adiponectin/adipoQ, and TNF␣, serve diverse roles in intercellular communication (Kishore et al., 2004; Yuzaki, 2008) . In the cerebellum, Cbln1 is predominantly secreted from granule cells and plays essential roles in cerebellar functions (Hirai et al., 2005; Miura et al., 2006) . Mice lacking a gene encoding cbln1 (cbln1-null) displayed severe ataxia and profound abnormality at the excitatory synapses formed between parallel fibers (PFs) (axons of granule cells) and Purkinje cells. Although the number of dendritic spines was normal, 80% did not form synapses with PFs and remained as "free spines" in cbln1-null Purkinje cells. Furthermore, Ͼ60% of the remaining synapses were morphologically abnormal, because the postsynaptic densities (PSDs) were longer than the presynaptic active zones (Hirai et al., 2005) . These findings indicate that Cbln1 is indispensable for synapse formation between PFs and Purkinje cells in vivo. However, whether Cbln1 is necessary for the maintenance of synapses in the adult cerebellum remained unclear. In addition, whether uninnervated spines in mature cbln1-null Pur-kinje cells could be restored by the application of Cbln1 remained unknown.
To address these issues, we examined the effects of recombinant Cbln1 on PF synapses in mature Purkinje cells. We showed that the application of recombinant Cbln1 specifically induced PF synapse formation in dissociated cbln1-null Purkinje cells in a reversible manner. Cbln1 also rapidly induced functional PF synapses in cerebellar slices acutely prepared from young cbln1-null mice. Furthermore, a single application of recombinant Cbln1 rescued severe ataxia by rapidly inducing PF synapses in adult cbln1-null mice. These findings not only revealed an essential role of Cbln1 in maintaining synapses but also its potential to induce new synapses in adult cerebellum.
Materials and Methods
Cell cultures. Primary dissociated cerebellar cultures were prepared from day-of-birth wild-type or cbln1-null mice as described previously (Furuya et al., 1998) . Cells were suspended in a culture medium containing 10% fetal calf serum at a density of 3 ϫ 10 5 cells and plated on plastic coverslips (diameter, 13.5 mm). After incubation in 5% CO 2 for 3 h, the cells were washed with 600 l of DMEM/F12 (Invitrogen), and 400 l of serum-free culture medium was added to each well. Half of the culture medium was replaced once a week. All procedures related to the care and treatment of animals were approved by the Keio University School of Medicine Animal Resource Committee.
Human embryonic kidney 293 tSA (HEK293) cells (gift from Dr. R. Horn, Thomas Jefferson University School, Philadelphia, PA) were cultured in DMEM (Invitrogen) supplemented with 10% fetal calf serum and L-glutamine (1 mM) and grown in 10% CO 2 at 37°C.
Preparation of recombinant Cbln1. We added cDNA encoding a hemagglutinin (HA) tag to the 5Ј-end of the wild-type or mutant Cbln1 cDNA (HA-Cbln1); the sequence was then added to the 3Ј-end of the signal sequence. To confirm the structural specificity of Cbln1, cysteine 34 and cysteine 38 were replaced with serines to generate a mutant Cbln1 (dS-Cbln1), which cannot form a hexamer , by a standard PCR-based mutagenesis. For the purification of the recombinant Cbln1, cDNA that encoded a 6X His tag was added to the 5Ј-end of the HA tag (His-HA-Cbln1). The cDNAs were cloned into the pCAGGS expression vector (provided by Dr. J. Miyazaki, Osaka University, Osaka, Japan) and transfected into HEK293 cells using CellPhect (GE Healthcare). After 6 h, the culture medium was replaced with either primary culture medium (Furuya et al., 1998) or chemically defined 293 (CD293) medium (Invitrogen), and the medium was collected 48 h later. His-HACbln1 was purified using a Talon metal affinity column (BD Biosciences) as described previously (Matsuda et al., 2005) . The concentration of recombinant HA-Cbln1 in the medium was quantified using an immunoblot analysis with purified His-HA-Cbln1 as the standard. To apply the HA-Cbln1 to acute slices, CD293-based medium was dialyzed using artificial CSF (aCSF) (see below for contents) for 2 d before usage. For the in vivo injection, the CD293-based medium was concentrated using centrifugal filter devices (Centriplus YM-10 and Microcon YM-100; Millipore). After 15 ml of the medium was concentrated to ϳ50 l, the medium was washed twice with 500 l of PBS before recovery from the Microcon YM-100.
Immunohistochemistry. Cultured cerebellar cells at 21-27 d in vitro (DIV) were fixed with PBS containing 4% paraformaldehyde for 20 min on ice. The cells were fixed additionally with 100% methanol at Ϫ20°C for 10 min for synaptophysin immunostaining. After the cells were permeabilized using 0.4% Triton X-100 in PBS containing 2% bovine serum albumin and 2% normal goat serum for 1 h at room temperature, the cells were treated with a primary antibody against calbindin (1:1000; Millipore), synaptophysin (1:500; mouse; Sigma-Aldrich), vesicular glutamate transporter 1 (VGluT1) (1:500; goat), vesicular GABA transporter (VGAT) (1:1000; guinea pig), or HA (1:1000; mouse; Covance Research Products). The bound antibodies were detected using secondary antibodies that were conjugated with either Alexa 488 or 546 (1:1000; Invitrogen). To immunostain VGluT1, donkey serum was used instead of goat serum.
Images were obtained using a confocal microscope (C1si; Nikon). To quantify the signal intensity of the presynaptic markers that were colocalized on the dendrites of the Purkinje cells, three square images of 30 ϫ 30 m were taken at the most distal region of the dendrites on each cell. All images were taken by gains and exposures at fixed values for each fluorescent channel. The raw images were analyzed using IP-lab software (v. 3.61; Scanalytics) . Calbindin-immunopositive regions were selected using macro "auto-segmentation." After subtracting the background level, the average intensity of the presynaptic markers within the segmented area was divided by that of either calbindin or parvalbumin. The values from three regions were averaged to represent the data for each cell. For each analysis, eight different cells per experiment were analyzed, and three independent experiments were performed. The number of neurons was counted as the n for statistical analysis. When wild-type and cbln1-null cells were compared, the cells were prepared on the same day or within two consecutive days and were fixed and analyzed on the same day.
Electrophysiology. Sagittal slices (200 m thick) of cerebellum were prepared, and whole-cell patch-clamp recordings from Purkinje cells were made at room temperature, as described previously (Hirai et al., 2005) . The cells were superfused with aCSF containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 10 glucose, and 0.1 picrotoxin (Sigma-Aldrich). To record miniature EPSCs (mEPSCs), 1 M tetrodotoxin (Wako Pure Chemical Industries) was added to the aCSF. The patch pipettes had a resistance of 2-4 M⍀ when filled with intracellular solution containing 65 mM potassium gluconate, 65 mM methane sulfonate, 10 mM KCl, 20 mM HEPES, 1 mM MgCl 2 , 4 mM Na 2 ATP, 1 mM NaGTP, and 0.4 mM EGTA. The Purkinje cells were clamped at Ϫ70 mV to record the PF-evoked EPSCs (PFEPSCs) and at Ϫ90 mV for the mEPSCs. An Axopatch 1300B amplifier and Clampex 9.2 software (Molecular Devices) were used for the data recording and analysis. Series resistance and leak currents were monitored continuously, and the recordings were terminated if the parameters changed significantly. Miniature events were counted and analyzed off-line using the Mini Analysis Program (version 6.0.3; Synaptosoft). The threshold for the detection of an event was set at a level five times higher than the root-mean-square of the noise. The averaged frequency and amplitude were obtained from 200 events by continuous recording up to 240 s.
To rapidly examine the effect of Cbln1, a higher concentration of HA-Cbln1 (30 g/ml) than that used for the cell cultures was used in the acute slice preparations. With this concentration, significant increases in synaptophysin immunoreactivity were also observed as early as 9 h in cultured Purkinje cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). As a control, we used slices treated with the control medium and prepared from nontransfected HEK293 cells.
In vivo experiment. Adult cbln1-null mice (7-8 weeks of age) were anesthetized with the intraperitoneal injection of ketamine (80 mg/kg body weight) and xylazine (20 mg/kg; Sigma-Aldrich). As described previously (Hirai et al., 2003) , a small hole in the occipital bone was made with a dental drill, and the dura matter was ablated. A 33 gauge microsyringe needle was inserted on the surface of the cerebellar vermis, and the solution containing Cbln1 was injected into the subarachnoidal space at a rate of 40 l/h. For the rotarod test, mice were placed on a 3 cm (diameter) rod rotating at a constant rate of 10 or 20 rpm, four times a day, before and after the injection of the Cbln1-containing medium. Each run was terminated once the mouse had stayed on the rod for 120 s.
Immunoblotting. The whole cerebellums of cbln1-null mice were homogenized in 0.32 M sucrose and 5 mM HEPES-NaOH, pH 7.4, and centrifuged at 800 ϫ g for 10 min (Inamura et al., 2006) . The supernatant was centrifuged at 12,000 ϫ g for 20 min, and the pellet (P2 fraction) was solubilized in SDS sample buffer. The sample was subjected to SDS-PAGE and analyzed using immunoblotting. The injected Cbln1 within the P2 fraction was detected by antibodies against HA or Cbln1 (1:200; rabbit).
Electron microscopy. For the in vivo HA-Cbln1 administration experiments, mice under deep pentobarbital anesthesia were perfused transcardially with 2% paraformaldehyde/2% glutaraldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.2. Parasagittal microslicer sections of the cerebellum (300 m) were postfixed for 2 h with 1% OsO 4 in 0.1 M PB. After block staining in 1% aqueous uranyl acetate solution and dehydration with graded alcohols, the sections were embedded in Epon 812. Ultrathin sections (70 nm) were made using an ultramicrotome (Leica) and stained with 2% uranyl acetate for 5 min and mixed lead solution for 2 min. Electron micrographs were taken of the molecular layer using an H7100 electron microscope (Hitachi) at 4000ϫ and printed at 16,000ϫ. The numbers of normal and free spines of the Purkinje cells in each condition were counted using 5-10 micrographs that were taken randomly, and the profile density per 100 m 2 of the counted neuropil area was calculated. To evaluate the reliability of the spine density calculated from single plane sections and to estimate the percentage of mismatched synapses, which had PSDs that were longer than the active zones, serial transverse sections were analyzed 2 d after the injection of either control or HA-Cbln1 medium, as described previously (Hirai et al., 2005) .
For the electron microscopy studies of acute cerebellar slices, 250-m-thick slices treated with aCSF containing Cbln1 for 8 h were immersed in 2% paraformaldehyde/2% glutaraldehyde in a microwave for 22 s, causing the temperature of the fixative to be raised from 30 to 40°C (Jensen and Harris, 1989) . After embedding in Epon 812, ultrathin sections (70 nm) were obtained at a depth of 50 -100 m from the surface. Electron micrographs were taken of the lower half of the molecular layer.
Statistical analysis. Data were analyzed using a Student's t test, unless otherwise stated. Data are expressed as the mean Ϯ SEM. Statistical significance was assumed when p Ͻ 0.05.
Results

Exogenous Cbln1 specifically induces PF synapses in cbln1-null Purkinje cells in vitro
First, we examined whether the application of recombinant Cbln1 could induce synapse formation in cbln1-null Purkinje cells in vitro. The density of the synapses on the dendrites of the Purkinje cells was estimated by immunohistochemical analysis using antibodies against synaptophysin and calbindin, markers for presynaptic terminals and Purkinje cells, respectively, in cultured cerebellar neurons (Fig. 1) . As observed in cbln1-null cerebellar slices (Hirai et al., 2005) , the average intensity of synaptophysin immunoreactivity along the dendrites of the Purkinje cells (Fig. 1A , yellow dots in merged images) was significantly decreased in cerebellar cultures prepared from cbln1-null mice, compared with those from wild-type mice (n ϭ 24; p Ͻ 0.0001) (Fig. 1A,B) . Therefore, in vitro cultures could recapitulate synapse hypoplasia observed in cbln1-null Purkinje cells in vivo (Hirai et al., 2005) . When the culture was incubated with recombinant HA-Cbln1 (3 g/ml) from 14 to 16 DIV for 7 d, the intensity of synaptophysin immunoreactivity in cbln1-null Purkinje cells significantly increased (n ϭ 24; p Ͻ 0.0001) (Fig. 1 A, B) and became comparable with that of the wild-type control (n ϭ 24; p ϭ 0.25). Because Cbln1 is heavily glycosylated and secreted as a hexamer with a molecular weight of ϳ230 kDa Iijima et al., 2007) , 3 g/ml HA-Cbln1 corresponded to 13.2 nM. The biological activities of the C1q family often depend on its ability to form a hexamer and a higher molecular weight complex via the N-terminal domain (Pajvani et al., 2003; Tsao et al., 2003) . Therefore, to confirm the specificity of Cbln1, we examined the effect of a mutant Cbln1 (dS-Cbln1), with N-terminal two cysteine residues that were replaced with serines and could not form a hexamer . Application of dS-Cbln1 (3 g/ml) failed to increase synaptophysin immunoreactivity in cbln1-null Purkinje cells (relative intensity normalized to control, 0.99 Ϯ 0.03; n ϭ 24; p ϭ 0.80) (Fig. 1C) , indicating that the synaptogenic effect of Cbln1 depends on its ability to form a hexamer.
The same treatment with wild-type HA-Cbln1 also increased the intensity of VGluT1, a specific marker for glutamatergic presynaptic terminals, and its colocalization with the dendrites of the Purkinje cells (relative intensity, 1.26 Ϯ 0.05; n ϭ 24; p Ͻ 0.0001) (Fig. 1 D) . In contrast, no change was noted in the intensity of VGAT, a marker of glycine-and GABA-containing terminals, and its colocalization with the dendrites of Purkinje cells (relative intensity, 1.05 Ϯ 0.06; n ϭ 24; p ϭ 0.47) (Fig. 1 E) . When exogenous Cbln1 was applied to the wild-type culture, we did not observe any additional effect on the synaptophysin immunoreactivity (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material), suggesting that the endogenous level of Cbln1 in the medium was already saturated. These findings indicate that recombinant HA-Cbln1 rapidly induced excitatoryspecific synapse formation in cultured Cbln1-null Purkinje cells.
In the mature cerebellum in vivo, VGluT1 is mainly associated with PF terminals. To examine whether the effect of HA-Cbln1 was specific to PF-Purkinje cell synapses in vitro, we quantified the intensities of the synaptophysin immunoreactivity that did not colocalize with the calbindin-positive regions in cbln1-null cells. Outside the calbindin-positive region, the intensity of the synaptophysin immunoreactivity did not change (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). We also examined the effect of HA-Cbln1 on the synapses formed on the dendrites of parvalbumin-positive interneurons, which also receive PFs from granule cells in vivo. Unlike the Purkinje cells, the parvalbumin-positive interneurons had few dendritic branches and no spines (supplemental Fig. 2C , available at www.jneurosci.org as supplemental material). We found that the synaptophysin immunoreactivity that colocalized on the dendrites of the interneurons did not change with the addition of HA-Cbln1 to the medium (supplemental Fig. 2C , available at www.jneurosci.org as supplemental material). These results indicated that the effect of exogenous Cbln1 predominantly affected the excitatory synapses that formed between the PFs and Purkinje cells in the culture.
The effect of Cbln1 is transient and required for the maintenance of PF synapses in vitro
To examine whether Cbln1 was also required for the maintenance of PF-Purkinje cell synapses in vitro, we analyzed the density of the synapses after the removal of exogenous HA-Cbln1 from the culture medium. We first incubated cbln1-null cerebellar cells with HA-Cbln1 (3 g/ml) for 7 d to restore the synaptic density on the Purkinje cells and then replaced the culture medium with one that did not contain HA-Cbln1 (Fig. 2 A) . One day after the removal of HA-Cbln1, the intensity of the synaptophysin immunoreactivity that colocalized with the dendrites of the Purkinje cells was still comparable with the level before removal (n ϭ 24; p ϭ 0.57) (Fig. 2 B, C) . Seven days after the removal of HA-Cbln1, the intensity of the synaptophysin immunoreactivity Figure 2 . Continued presence of Cbln1 is necessary to maintain cbln1-null Purkinje cell synapses in vitro. A, Experimental design. Cbln1-null cerebellar cultures were incubated with exogenous HA-Cbln1 (3 g/ml) for 7 d from 14 DIV (gray bars). The cells were fixed on days 1, 3, or 7 after the removal of HA-Cbln1 at 21 DIV (wash 1 d, wash 3 d, and wash 7 d). As a negative control, the cells were incubated with medium containing no HA-Cbln1 for 7 d (No treat) or for indicated durations (NC, negative control; unfilled bars). As a positive control, HA-Cbln1 was added (3 g/ml) to the medium at various time points (ϩCb; filled bars). The culture medium was replaced and rinsed with the appropriate medium at 21 DIV (the asterisk indicates wash). B, Representative images of distal dendrites of Purkinje cells stained with calbindin (red) and synaptophysin (green). The synaptophysin signal on the dendrites gradually decreased. Scale bars: top, 30 m; bottom, 10 m. C, Average intensity of synaptophysin signal at the distal dendrites of the Purkinje cells. The effect of removing HA-Cbln1 was estimated by comparing with the no-treatment control (No treat) or negative control (NC) for each group. One day after the removal of exogenous Cbln1, the signal was still comparable with the level before removal, whereas 7 d after the removal, the signal declined to the value of the negative control (n ϭ 24 cells; 3 independent experiments; ***p Ͻ 0.001). n.s., No significant difference.
significantly decreased and became comparable with the level in the control cultures that were not treated with HA-Cbln1 (n ϭ 24; p ϭ 0.77) (Fig. 2 B, C) . In contrast, when the medium was replaced with the one that contained HA-Cbln1 on 21 DIV, PF synapses were maintained, indicating that medium exchange itself did not have any detrimental effects on the synaptophysin immunoreactivity of the Purkinje cells (Fig. 2 A, C) . These results indicate that the effect of exogenous Cbln1 is transient and that continued presence of Cbln1 is required for the maintenance of PF synapses in cultured cbln1-null Purkinje cells.
Exogenous Cbln1 induces functional excitatory synapses in acute cerebellar slices
To examine whether new synapses induced by HA-Cbln1 were functional, we next recorded mEPSCs from Purkinje cells using the whole-cell patch-clamp method (Fig. 3A) . We adopted acute cerebellar slices prepared from young mice [postnatal day 9 (P9)
to P12] to avoid variable PF innervation patterns in dissociated cultures and to achieve better space-clamp conditions. The average frequency of mEPSCs in cbln1-null Purkinje cells (2.35 Ϯ 0.50 Hz; n ϭ 13) was significantly lower ( p Ͻ 0.01) (Fig. 3B) than that of wild-type cells (3.99 Ϯ 0.52 Hz; n ϭ 16), a result consistent with the reduced number of PF synapses in cbln1-null Purkinje cells in culture (Fig. 1 A) . After incubation with wild-type HACbln1 (30 g/ml; ϳ132 nM) for 6 -10 h before recording, the frequency of mEPSCs in cbln1-null cells was significantly higher than that of cells treated with the control medium (3.99 Ϯ 0.54 Hz; n ϭ 13; p Ͻ 0.01) (Fig. 3B) , and the difference between the wild-type and cbln1-null Purkinje cells was no longer significant ( p ϭ 0.75). Incubation with dS-Cbln1 (30 g/ml) did not have any effect on the frequency of mEPSCs (2.09 Ϯ 0.34; n ϭ 16; p ϭ 0.38) (Fig. 3B ) in cbln1-null Purkinje cells, indicating the specific effects of wild-type HA-Cbln1. The amplitude of the mEPSCs did not change after the application of HA-Cbln1 to wild-type ( p ϭ Figure 3 . Formation of functional PF-Purkinje cell synapses in acute slices of cbln1-null mice after incubation with exogenous Cbln1. A-C, mEPSCs from Purkinje cells were recorded in the slices from cbln1-null (KO) and wild-type (WT) mice (P9 -P12) after incubation in aCSF containing 30 g/ml HA-Cbln1 for 6 -10 h. A, Sample traces of mEPSCs recorded from Purkinje cells using whole-cell recordings. B, The average frequency of the mEPSCs in cbln1-null cells was significantly increased by exogenous wild-type HA-Cbln1 (WT-Cbln1) and became comparable with that in the WT control. No change was observed with a mutant Cbln1 (dS-Cbln1; 30 g/ml). **p Ͻ 0.01. C, The average amplitude of the mEPSCs was not changed by exogenous HA-Cbln1. D, Purkinje cells were whole-cell voltage clamped to record EPSCs evoked by the stimulation of PFs, the axon bundles of granule cells. Acute slices from P13 to P15 mice were treated as described above before recording. E, The amplitude of PF-EPSCs in cbln1-null cells increased to the wild-type level after incubation with exogenous HA-Cbln1. Insets show representative PF-EPSC traces recorded from Purkinje cells clamped at Ϫ70 mV in response to increasing stimulus intensities. ***p Ͻ 0.001. n.s., No significant difference. F, Summarized plots of the PPF ratio. The PPF ratio was defined as the amplitude of the second EPSC divided by that of the first EPSC at interpulse intervals of 50 ms. The PPF ratio, which was increased in cbln1-null cells, did not change with exogenous HA-Cbln1. The inset shows representative PF-EPSC traces in response to paired pulses. **p Ͻ 0.01. n.s., No significant difference. 0.23; n ϭ 16) and cbln1-null ( p ϭ 0.25; n ϭ 13) Purkinje cells (Fig. 3C) . No additional increase in the frequency was observed when HA-Cbln1 was applied to wild-type Purkinje cells (3.76 Ϯ 0.50 Hz; n ϭ 16; p ϭ 0.52) (Fig. 3B) , which was consistent with the effect on synaptophysin immunoreactivity in cultured wildtype Purkinje cells (supplemental Fig. 2 A, available at www. jneurosci.org as supplemental material). These results suggest that HA-Cbln1 rapidly increased the number of functional synapses or the release probability of preexisting synapses in cbln1-null Purkinje cells in slices.
We next examined the effect of exogenous Cbln1 on the amplitude of PF-EPSCs in acutely prepared slices (Fig. 3D) . As reported previously (Hirai et al., 2005) , the PF-EPSC amplitudes in cbln1-null Purkinje cells were consistently smaller than those in wild-type Purkinje cells (n ϭ 9 cells; p Ͻ 0.0001; two-way ANOVA) (Fig. 3E) , indicating an impaired PF-Purkinje cell synaptic function. We found that incubation with HA-Cbln1 for 6 -10 h significantly increased the PF-EPSC amplitudes in cbln1-null cells (n ϭ 9; p Ͻ 0.0001; two-way ANOVA) (Fig. 3E) . The probability of presynaptic transmitter release was assessed by measuring the paired-pulse facilitation (PPF) of the PF-EPSCs. We found that the PPF ratio at interpulse intervals of 50 ms was significantly higher in cbln1-null Purkinje cells (2.28 Ϯ 0.09; n ϭ 16; p Ͻ 0.01) (Fig. 3F ) than in wild-type cells (1.87 Ϯ 0.09; n ϭ 16), reflecting a lower presynaptic release probability. The increased PPF ratio was not rescued by the incubation of cbln1-null Purkinje cells with HA-Cbln1 (2.29 Ϯ 0.11; n ϭ 16; p ϭ 0.93) (Fig. 3F ) . These results, together with the effect of Cbln1 on mEPSCs (Fig. 3A-C) , indicate that Cbln1 primarily increased the number of functional synapses in cbln1-null cerebellar slices in a time window of 6 -10 h.
To further confirm the effect of HACbln1 on acute slices, we used electron microscopy to examine the ultrastructure of the PF-Purkinje cell synapses in acute slices treated with exogenous Cbln1. Indeed, we found that the anatomical abnormality in the synapses of cbln1-null mice was markedly improved after incubation with 30 g/ml of HA-Cbln1 for 8 h (Fig. 4) ; Ͼ90% of the spines formed asymmetrical synapses with presynaptic terminals. In contrast, in cbln1-null slices treated with aCSF but without HA-Cbln1, only ϳ50% of the spines contacted presynaptic terminals, and the remaining half were free spines. The effects of Cbln1 on the electron microscopic recovery of PF synapses in acute slices were faster than those on synaptophysin immunoreactivity in dissociated Purkinje cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material); this result may be explained by the higher density of presynaptic PF terminals in the acute slices, compared with those in the dissociated cell cultures. Altogether, these findings indicate that exogenous Cbln1 induced functional as well as morphological PF synapse formation in cbln1-null Purkinje cells in acute slices.
Cbln1 restores PF synapses and motor performance in adult cbln1-null mice in vivo
Finally, to examine the function of Cbln1 in mature neurons in vivo, we applied HA-Cbln1 to adult cbln1-null mice. HA-Cbln1 (1 g/g body weight) was injected into the subarachnoid supracerebellar space above the cerebellar vermis of cbln1-null mice aged P42-P54. Immunohistochemical analysis with anti-HA antibody after 24 h of injection revealed the injected HA-Cbln1 to be distributed widely in the cerebellar cortex of all lobules with a gradient from the injected site (Fig. 5A) . With higher magnification, the signal showed a punctate pattern over calbindin-positive Purkinje-cell spines in the molecular layer (Fig. 5A) . Immunohistochemical analysis of the sagittal section of the whole brain revealed that the injected Cbln1 was restricted to the cerebellum (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). The immunoreactivity significantly decreased with time after the injection (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material), and the signal had decreased to the background level on day 7. Immunoblot analysis using anti-HA and anti-Cbln1 antibody indicated that the injected HA-Cbln1 was present in the membrane fraction (P2) of the whole cerebellum (Fig. 5B) . Twenty-four hours after the injection, we found that the protein amount of injected HA-Cbln1 in the P2 fraction was comparable with that of endogenous Cbln1 found in wild-type mice (relative amount normalized by actin, 0.88 Ϯ 0.11; n ϭ 3 mice; p ϭ 0.69). Consistent with the immu- Figure 4 . Anatomical recovery of PF-Purkinje cell synapses in acute slices of cbln1-null mice after the incubation with exogenous Cbln1. A, Electron micrographs of the molecular layer of the acute cerebellar slices prepared from cbln1-mice aged P14 after incubation with 30 g/ml exogenous HA-Cbln1 for 8 h. In control slices, free spines (f) were observed frequently. Treatment with HA-Cbln1 significantly increased normal spines (n) and reduced the ratio of free spines. Scale bar, 500 nm. B, Density of normal, free, and mismatched spines in cbln1-null acute cerebellar slices after incubation with HA-Cbln1 or control medium for 8 h. n ϭ 10 -11 sections for each treatment (n ϭ 1 mouse). ***p Ͻ 0.001. nohistochemical analysis (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material), the amount of injected HA-Cbln1 on day 7 had decreased to ϳ7% of that measured at 24 h after injection (Fig. 5B) . These findings indicate that the injected HA-Cbln1 preferentially bound to the cerebellum and remained in the cell membrane for several days.
A single injection of HA-Cbln1 exerted a remarkable effect on the locomotive performance of adult cbln1-null mice (supplemental movies, available at www.jneurosci.org as supplemental material). Before injection, the gait pattern was highly abnormal, with irregular short footsteps (Fig. 5C ). Significant improvement was observed within 24 h, and at 2 d after the injection, the animal's gait became apparently normal (Fig. 5C) . To evaluate the level of ataxia quantitatively, the mice were tested using a rod that rotated at 10 or 20 rpm; each mouse was examined four times per day at various time points before and after the injection of HA-Cbln1. The average retention time on the rotarod at 20 rpm improved within 24 h after the injection (Fig. 5D ) (average time, 3.1 Ϯ 0.3 s before injection and 23.5 Ϯ 0.9 s at 24 h after injection; n ϭ 4 mice). The time on the rotarod reached a peak at 2 d after the injection (75.6 Ϯ 13.5 s; p Ͻ 0.01, paired t test). The effect lasted until day 4, but the performance gradually began to worsen after day 7. Three weeks after the injection, the animals were highly ataxic once again and were unable to stay on the rotarod for more than a few seconds (4.4 Ϯ 1.3 s; p ϭ 0.32). No significant effect was observed in mice injected with the control medium. The time course of the behavioral recovery after a single injection of HA-Cbln1 was primarily consistent with that of the HA-Cbln1 protein levels in the cerebellum (Fig. 5B) .
To examine the morphological basis of the behavioral recovery, we next performed an electron microscopic analysis on cbln1-null cerebellum injected with HA-Cbln1. Although the density of the total spines remained constant throughout the experiment, we observed drastic changes in the ratio of normal spines contacted with PF terminals and free spines lacking a presynaptic partner (Fig. 6 A, B ; Table 1 ). The percentage of normal spines increased within 1 d (75.3 Ϯ 1.3%; n ϭ 3 mice; p Ͻ 0.0001, compared with cbln1-null mice without treatment) and peaked at day 4 (90.7 Ϯ 1.3%; p Ͻ 0.0001). Thereafter, the percentage of normal spines started to decline, reaching approximately one- Figure 5 . Improvement of cerebellar ataxia in adult cbln1-null mice after the subarachnoidal injection of Cbln1. A, Distribution of injected Cbln1, stained with anti-HA antibody (red), in the cerebellum at 24 h after injection. Purkinje cells were stained with calbindin (green). The injected Cbln1 was localized in all the cerebellar lobules. Enlarged images show the punctate signal of HA-Cbln1 localized on the dendrites of Purkinje cells. Scale bars: two far left columns, 1 mm; third column from the left, 30 m; fourth column, 10 m. B, Injected Cbln1 from the P2 fraction of the whole cerebellum was detected using immunoblotting and an antibody against HA (a) or Cbln1 (b) at 1, 2, 4, and 7 d after the injection. The signal in a was normalized with that of actin and further normalized to the value at 1 d after the injection (c). The injected HA-Cbln1 level decreased to Ͻ10% on day 7 (n ϭ 3 mice). C, Representative gait pattern of a cbln1-null mouse before and 2 d after the injection. The hindpaws were marked with black paint. The irregular, shortened gait skips were markedly improved after the injection of Cbln1. L, Left paw; R, right paw. Numbers indicate step counts. D, Results on the rotarod test after the injection of Cbln1 medium (KOϩCbln1) or the control medium (KOϩcontrol). The average time on the rotarod at 20 rpm was calculated from four trials (n ϭ 4 mice).
third by 12 d and returning to the original value at 1 month after the injection (21.3 Ϯ 1.1%; p ϭ 0.34) (Fig. 6 B) . The reliability of estimating the spine density using plane sections was confirmed by performing a serial section analysis at 2 d after the injection. The percentages of free spines that were estimated using plane sections were 64.8 Ϯ 1.4 and 11.4 Ϯ 1.3% after the injection of the control and HA-Cbln1, respectively; using serial sections, the percentages were 70.9 and 8.9%, respectively. These findings indicate that a single injection of HA-Cbln1 rapidly and almost completely restored the ultrastructures of PF-Purkinje cell synapses within 2 d (Fig. 6) .
In cbln1-null cerebellum, spines that have PSDs longer than the respective active zones, which are referred to as "mismatched spines," are observed frequently (Hirai et al., 2005) . Indeed, using serial section electron microscopy, we confirmed that 13.6 Ϯ 0.1% of the total spines (n ϭ 3 mice) were mismatched with the active zones in cbln1-null mice, as reported previously (Hirai et al., 2005) . However, 2 d after the injection of HA-Cbln1, the percentage decreased to 7%, whereas no effect was observed after the injection of the control medium (Fig. 6C) . These results indicate that, like free spines, mismatched spines in the cbln1-null cerebellum were rescued by HA-Cbln1.
Interestingly, although a single PF terminal usually innervates a single Purkinje cell spine in wild-type cerebellum (Rhyu et al., 1999) , we often found PF terminals that innervated two or even more spines in cbln1-null Purkinje cells treated with HA-Cbln1 (Fig. 6 A) . The density of such spines reached a peak on day 4 (density in nontreated control, 0.12 Ϯ 0.09/100 m 2 ; 4 d after (Kurihara et al., 1997) and in certain cerebellar mutant mice (Rhyu et al., 1999) , suggesting that Cbln1 may underlie these pathological and physiological structural changes at synapses.
Finally, we performed an electrophysiological analysis on acute cerebellar slices prepared from cbln1-null mice 2 d after the injection of HA-Cbln1. We found that the amplitude of PFEPSCs was significantly increased in mice injected with Cbln1 (n ϭ 8 cells from 3 mice; p Ͻ 0.0001, two-way ANOVA) (Fig. 7 ) and became comparable with that of wild-type Purkinje cells ( p ϭ 0.57). Altogether, these findings indicate that Cbln1 could restore morphological and functional PF synapses and, as a result, motor performance in adult cbln1-null mice in vivo.
Discussion
Cbln1 regulates the maintenance and the formation of PF synapses in adult cerebellum Synapse formation during development has been studied extensively in the past (Umemori et al., 2004; Tada and Sheng, 2006; McAllister, 2007) . However, little is known about how synaptic structure is maintained and regulated in the adult brain. Recently, Cbln1 was shown to be indispensable for the normal development of PF-Purkinje cell synapses in vivo (Hirai et al., 2005) . Here, we found that treatment with HA-Cbln1 almost completely restored PF synapses in mature cbln1-null cerebellum in vitro (Figs. 1, 3 ) and in vivo (Fig. 6) . Importantly, the effects of Cbln1 treatment were transient both in vitro (Fig. 2) and in vivo (Figs. 5, 6) . These findings indicate that Cbln1 is necessary not only for synapse formation but also for the maintenance of mature PFPurkinje cell synapses.
Interestingly, ultrastructural abnormalities in cbln1-null mice are shared by mice that lack the gene encoding the orphan ␦2 glutamate receptor (GluR␦2), which is expressed selectively in Purkinje cells (Kashiwabuchi et al., 1995; Lalouette et al., 2001) . Indeed, ablation of the GluR␦2 gene in adult cerebellum using an inducible recombinase also resulted in the gradual loss of normal PF synapses and an increase in spines that had mismatched PSDs (Takeuchi et al., 2005) . Because ablation of the gene took as long as 8 weeks to achieve an 80% reduction in the GluR␦2 protein level (Takeuchi et al., 2005) , a direct comparison of the roles of GluR␦2 and Cbln1 is difficult. Nevertheless, these results indicate that like Cbln1, which is expressed in granule cell presynapses, GluR␦2, which is expressed in Purkinje cell postsynapses, may be engaged in a common signaling pathway required for the maintenance of PF synapses in adults. Although the site of action of Cbln1 is unknown, the rapid and transient effects of Cbln1 suggest that it may act like a transsynaptic cell adhesion molecule that holds together presynaptic and postsynaptic elements, including GluR␦2. Additional analysis of the detailed molecular mechanism underlying Cbln1-induced synaptogenesis is warranted.
A recent study using two-photon microscopy showed that neither the spine shape nor the spine density changed after longterm synaptic plasticity was induced in acute cerebellar slices in vitro (Sdrulla and Linden, 2007) . In contrast, dynamic structural changes were observed in the neocortex in vivo (Grutzendler et al., 2002; Trachtenberg et al., 2002) and in hippocampal slices in vitro (Matsuzaki et al., 2004) . Similarly, a reduction of neuronal activity by the injection of an AMPA receptor antagonist or tetrodotoxin induced transient presynaptic and postsynaptic structural changes at PF synapses in adult Purkinje cells in vivo (Cesa et al., 2007) . Furthermore, acrobatic motor learning increased the density of PF synapses (Black et al., 1990) and induced the formation of multiple PF synapses (two postsynaptic contacts at a single presynaptic varicosity) in the adult rat cerebellum (Federmeier et al., 2002) , a similar finding to our present result (Fig.  6 A) . These findings suggest that PF-Purkinje cell synapses may also undergo dynamic structural changes in adult cerebellum, and that Cbln1 might be involved in the regulation of such processes. Nevertheless, exogenous Cbln1 did not cause further synaptogenesis in wild-type cerebellum (Fig. 3 B, C ) (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). The lack of effects of exogenous Cbln1 may be explained by saturated concentrations of endogenous Cbln1 in wild-type cerebellum (Fig. 5B) . Because exogenous Cbln1 rapidly induced synaptogenesis in adult cbln1-null cerebellum, previous reduction of endogenous Cbln1 expression might be necessary before Cbln1 could induce structural changes at synapses. Additional studies are necessary to clarify the role of Cbln1 in the regulation of activity-dependent structural plasticity in adult wild-type cerebellum.
Cbln1 induced rapid synaptogenesis both in vitro and in vivo
In cultured hippocampal cells, the formation of axodendritic contact triggers the assembly of presynaptic and postsynaptic molecules on the time scale of minutes to hours (Friedman et al., 2000; Okabe et al., 2001) . However, further development of complete ultrastructure (Ahmari and Smith, 2002) and mature electrophysiological properties is thought to be a more prolonged process requiring several days (McAllister, 2007) . Similarly, a combination of two-photon imaging and serial section electron microscopy of adult barrel cortex in vivo has shown recently that a mature synapse develops a few days after the appearance of a new spine (Knott et al., 2006) . In contrast, the application of exogenous HA-Cbln1 induced a significant increase in functional synapses in P14 cbln1-null acute slices within 8 h and in adult cbln1-null cerebellum in vivo within 2 d. Therefore, the time course of synaptogenesis induced by HA-Cbln1 in vitro and in vivo was exceptionally rapid.
Several factors may have contributed to the rapid effects of HA-Cbln1. First, the effect of homomeric HA-Cbln1 may be more potent than endogenous Cbln1, which is partly secreted as a heteromer complex with Cbln3 (Bao et al., 2006; Iijima et al., 2007) . However, cbln3-null mice did not show any apparent morphological or behavioral abnormalities (Bao et al., 2006) , and the amount of Cbln3 secreted in the cerebellar culture medium was much less than that of Cbln1 (Iijima et al., 2007) . These previous findings indicate that endogenous Cbln1 may exist mostly as a homomer. Second, structural or biochemical abnormalities in cbln1-null cerebellum may have contributed to the rapid effects of exogenous HA-Cbln1. However, we found that the protein amount of endogenous Cbln1 in the P2 fraction of wild-type cerebellum was comparable with that of injected HA-Cbln1 in cbln1-null cerebellum (Fig. 5B) . Therefore, we consider that the rapid synaptogenic effects of HA-Cbln1 on cbln1-null Purkinje cells most likely reflect an intrinsic signaling mechanism.
In the hippocampus and in the neocortex, the differentiation of dendritic spines and presynaptic boutons are highly correlated (Okabe et al., 2001) . In contrast, the spines of Purkinje cells are formed in the absence of nearby PF terminals (Sotelo, 1975; Bravin et al., 1999; Cesa and Strata, 2005; Morando et al., 2005) . Indeed, dendritic spines are maintained as "free spines" without any attached PF terminals in adult GluR␦2-null cerebellum (Kashiwabuchi et al., 1995; Kurihara et al., 1997; Hirai et al., 2005) . Similarly, the number of postsynaptic spines remained constant in cbln1-null cerebellum before and after the administration of HA-Cbln1 (Table 1) . Therefore, to form new synapses at PF-Purkinje cell synapses, Cbln1 may not have to induce new spines but assemble PF terminals onto existing postsynaptic structures. These findings suggest that the rapid synaptogenic effects of Cbln1 may reflect its role in the assembly of existing presynaptic and postsynaptic structures.
In contrast to the rapid induction of PF synapse formation by HA-Cbln1, our results in vivo showed that the detachment of PFs from the spines of Purkinje cells occurs much more slowly after the loss of HA-Cbln1 (Fig. 6C) . The amount of HA-Cbln1 in the P2 fraction (Fig. 5B ) and the HA-Cbln1 immunoreactivity in the molecular layer on day 4 (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material) were already approximately one-quarter of the values on day 1, but the percentage of normal PF synapses on day 4 was Ͼ90%. Such delayed synaptic losses suggest that a threshold concentration of Cbln1 may be necessary to maintain normal synapses. This may also explain why HA-Cbln1 did not further induce synapse formation in wild-type Purkinje cells. The difference in the time course between the loss and recovery of the synapses also suggests a difference in the molecular mechanisms underlying these two processes.
Cbln1 as a new antegrade presynaptic organizer
Molecules involved in the differentiation of synapses are classified into presynaptic and postsynaptic organizers (Fox and Umemori, 2006) . At present, five presynaptic organizers have been identified: Wnt-7a (Hall et al., 2000) , neuroligin (Chih et al., 2005) , SynCAM (Biederer et al., 2002) , EphB (Kayser et al., 2006) , and FGF22 (Umemori et al., 2004) . All of these factors are derived from target postsynaptic cells and act as retrograde organizers to induce the clustering of synaptic vesicles and exocytosis and endocytosis machinery near active zones (Fox and Umemori, 2006) . Similarly, Cbln1 rapidly induced the accumulation of PF terminals on the preexisting spines of cbln1-null Purkinje cells. Therefore, although the primary site of the actions of Cbln1 remains unclear, Cbln1 is a robust presynaptic organizer, even if it acts indirectly. Unlike known retrograde presynaptic organizers, Cbln1 is a unique antegrade presynaptic organizer produced and secreted from presynaptic granule cells (Hirai et al., 2005) .
Cbln1 and other family members (Cbln2 and Cbln4) are expressed in various regions of the developing and mature brain (Wada and Ohtani, 1991; Pang et al., 2000; Miura et al., 2006) . In addition, C1q, a prototype member of the C1q/TNF␣ superfamily, is expressed in developmental CNS synapses (Stevens et al., 2007) and is involved in normal and pathological synapse elimination processes. Similarly, a significant decrease in the Cbln1-related peptide concentration has been reported for certain neurological disorders (Mizuno et al., 1995) . Because our findings imply the therapeutic potential of exogenous Cbln1, understanding the role of Cbln1 will be of great benefit for unraveling the synaptic integrity underlying physiological and pathological conditions in the adult brain.
